Composites of silver particles of diameters in the range 16.4-33.3 nm and polyacrylamide were prepared by a chemical method. Positron lifetime and Doppler broadening measurements of these samples were carried out. The positron lifetime spectra of all the samples could be decomposed into three components having lifetimes around 200, 500, and 1800 ps. These are believed to arise due to vacancy clusters on the grain surfaces, the open spaces between the grain surface and the surrounding polymer layer and the annihilation of orthopositronium at the free-volume defects, respectively. The lifetime of positrons trapped at the grain surface defects and the grain-polymer interface is found to decrease as the grain size is increased. Doppler broadening measurements were carried out from 13 K to 300 K on a silver-polyacrylamide nanocomposite containing silver particles of diameters in the range 2-20 nm. The line-shape parameter S is decomposed by a mixture rule to obtain the contribution of electrons from the nanoparticles. This shows a sharp increase at around 80 K that is adduced as evidence for the splitting of the electron energy levels in the nanosized silver particles leading to a semiconductorlike behavior. ͓S0163-1829͑98͒03102-6͔
I. INTRODUCTION
The structure and stability of nanocrystalline materials are nowadays being widely investigated due to the interest in their unusual physical properties. 1, 2 The disorder in the arrangement of atoms at the interfaces of grains or particles of size of the order of a few tens of nanometers have to be taken into account for explaining the anomalous features exhibited by these materials. Several experimental methods have been adopted to characterize the diffuse vacancy clusters formed at the grain interfaces. 3, 4 Positron annihilation spectroscopy is most suitable for the investigation of these interfacial defects due to high sensitivity of the technique to defect-related processes and the ability of thermalized positrons to diffuse out and annihilate at the surfaces of grains smaller than their thermal diffusion wavelength. 4, 5 Nanocrystalline materials are generally prepared by the conventional metal-evaporation and condensation method. 6, 7 In this work, we have been able to grow nanometer-sized silver particles inside a polyacrylamide polymer gel by chemical methods. This method of production of nanoparticles has certain advantages. It provides means to effectively control the growth process by suitably adjusting the experimental parameters like temperature and time of heat treatment, material concentration, and choice of suitable chemical reagents. Since the majority of atoms reside on the grain boundaries, these particles yield to a great degree of compaction and hence small pellets of definite shape and size can be prepared by applying mechanical pressure, without introducing dislocations in the crystal structure. The presence of silver nanoparticles inside the polymer was confirmed both by transmission electron microscopy and x-ray diffraction and their sizes were estimated. Both positron lifetime and Doppler broadening measurements were carried out to characterize samples containing nanoparticles of varying sizes and to monitor the processes during isochronal and isothermal annealing.
With the synthesis of nanometer-sized metal particles becoming a reality, it is possible now to investigate the mechanism leading to such remarkable deviation from the bulk properties of materials using various spectroscopic probes. A particle of radius about 2 nm may consist of clusters of a few hundred atoms. The metallic character of the particle has been reported to persist even up to that size. 8 For particles of smaller sizes, one would expect a metal-to-insulator transition to occur. 9 For the energy levels of such a small particle will then be discrete, as pointed out by Wood and Ashcroft 9 and the energy gap between the lowest unoccupied level and the highest occupied level will be such that a transition of the above type can be observed at a particular temperature. Section III E of this paper in fact deals with the results of an investigation to elucidate this aspect on a polymer nanocomposite consisting of silver nanoparticles and reports significant anomalies at temperatures at which phase transition was expected from simple quantum-mechanical considerations.
II. EXPERIMENTAL PROCEDURE

A. Sample preparation
For preparing the polymer-silver nanocomposites 4 g of polyacrylamide ͑supplied by BDH Chemicals, UK͒ with molecular weight greater than 5ϫ10 6 was dissolved in 450 cm 3 of distilled water ͑solution denoted by A͒. Another solution was prepared by dissolving 0.5 g AgNO 3 in distilled water.
To this sodium hydroxide solution was added until complete precipitation of Ag 2 O occured. After washing the precipitate in distilled water it was dissolved in 20 cm 3 dilute NH 4 OH ͑solution denoted by B͒. 160 cm 3 of solution A was then mixed with solution B and excess formic acid ( pHϳ2) was added for reduction of Ag 2 O to metallic silver. Ethyl alcohol was added to precipitate out the composite from water. The powder obtained was packed tightly in a perspex mould and dried in an oven at 323 K for 24 h. The powder in the mould was compacted by applying a pressure of 3 GPa to form pellets of 1-cm diameter and 3-mm thickness. For preparing samples with different diameters of the silver nanoparticles the procedure was identical to that described above except that at the preparation stage of solution B the amount of AgNO 3 taken was varied from 0.5 to 16 g. The amounts taken in the case of different samples are given in Table I . For sample 6 the synthesis was carried out at a temperature of 363 K. Polyacrylamide pellets were prepared by following the procedure outlined as above without the addition of Ag 2 O.
B. Transmission electron microscopy and x-ray diffraction
The microstructure of the various specimens were studied using a JEM 200 CX transmission electron microscope operated at 160 kV at the Regional Sophisticated Instrumentation Centre, Bose Institute, Calcutta. The silver phase was identified by the electron-diffraction pattern. The x-raydiffraction patterns were taken using a Phillips Analytical PW1877 automated powder diffractometer employing CuK ␣ radiation. The sizes of the silver nanoparticles were estimated from the x-ray-diffraction data using the Scherrer equation.
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C. Positron lifetime and Doppler broadening measurements
The thickness of the specimens was so chosen to ensure that all positrons emitted by the source ultimately annihilated within the specimens only. A thin deposition of 22 NaCl ͑ϳ1 Ci͒ over an area of about 2 mm on a thin (2 mg/cm Ϫ2 ) nickel foil and covered by an identical foil was used as the source of positrons and sandwiched between two identical pellets. For Doppler broadening measurements, an HPGe detector of 1.14 keV resolution ͓full width at half maximum ͑FWHM͔͒ at 514 keV ␥ ray from 85 Sr was used. About a million counts were collected under each Doppler broadened 511 keV ␥-ray spectrum. The positron lifetime spectra were recorded using a fast-fast coincidence setup with a time resolution ͑FWHM͒ of 260 ps for 60 Co ␥ rays accepted under experimental windows. During the data acquisition, the specimens-source sandwich was kept inside a glass tube and was continuously evacuated to avoid the absorption of air and moisture by the polymer samples. Hence the two scintillation detectors of the coincidence spectrometer had to be pulled apart to about 20 mm distance between them. Invariably this resulted in a drastic reduction in the count rate but we purposely avoided using a stronger source, keeping in mind the possible effects of positron irradiation on the polymer samples. 11, 12 About 0.4 million counts were collected under each lifetime spectrum. The Doppler broadened line shape of the positron annihilation ␥-ray spectrum was parametrized by the ratio of the area falling under that segment of the spectrum covering the energy range from 510.4 to 511.6 keV to the area under the total spectrum covering from 503.3 to 518.7 keV. This parameter was denoted by S. The positron lifetime spectra were analyzed using RESOLUTION and POSITRONFIT 13 until the multicomponent fit of all the spectra yielded variance of fit between 0.95 and 1.20.
Measurements were carried out on pure polyacrylamide samples and then six other samples, each containing silver nanoparticles of a different average size. Besides, additional measurements were conducted on samples containing silver nanoparticles of a given mean size but after isochronally ͑30 min͒ annealing at different temperatures. A fresh set of specimens were used for each isochronal annealing, so as to rule out the effects of positron and ␥ irradiation. The specimens thus annealed at 473 K were then isothermally annealed and the changes were monitored by conducting similar measurements after different intervals of annealing. The effects of annealing on the pure polyacrylamide polymer sample were also studied. All the measurements were performed at room temperature. To avoid the bulk expansion of the polymer samples during the heat treatment, all the annealings were conducted by enclosing the pellets into a rigid stainless-steel mould. ͑The details of special experimental arrangements used for the low-temperature measurements are given in Sec. III E.͒
III. RESULTS AND DISCUSSION
A. Microstructure
In Table I the sizes of silver particles as estimated from the x-ray powder pattern are summarized. Figure 1͑a͒ is a typical transmission electron micrograph obtained for sample 4. Figure 1͑b͒ is the corresponding electron-diffraction pattern. In Table II the interplanar spacings d hkl estimated from the ring diameters of Fig. 1͑b͒ are compared with standard American Society for Testing and Materials ͑ASTM͒ data. It is evident that the particles comprise of metallic silver. We have also analyzed the particle size distribution in Fig. 1͑a͒ by a log-normal distribution function.
14 The median diameter x and the geometric standard deviations as extracted from such an analysis are found to be 30.4 and 1.5 nm, respectively. It is evident that x-ray analysis gives a lower value ͑25.8 nm͒ for the average particle size. This is believed to arise due to the fact that x rays probe the smallest particles, whereas by transmission electron microscopy the agglomerated particles are better identified.
B. Positron lifetimes in the polymer sample
The positron lifetime spectra of all the samples were best resolved into three components, designated as 1 , 2 , and 3 in ascending order of their values and with relative intensities I 1 , I 2 , and I 3 . From the spectrum of the pure polyacrylamide sample, we obtained 1 ϭ139 ps, 2 ϭ370 ps, and 3 ϭ1.62 ns with the respective intensities of 30.0%, 51.3%, and 18.7%. For the physical interpretation of these results, we note that the value of 1 is slightly higher than the lifetime associated with the self-decay of parapositronium ͑p-Ps͒ atoms in polymers, which is known as 125 ps. The explanation for the origin of 2 is deferred to a later section. The longest lifetime 3 is the result of the pickoff annihilation of orthopositronium ͑o-Ps͒ atoms formed in the free-volume defects in the amorphous polymer material. The rate of pickoff, i.e., the process in which the positron in the o-Ps atom is picked by an electron with antiparallel spin from the surroundings, thus resulting in faster annihilation, depends on the structure and contamination of the internal surfaces of the free-volume defects. 2 The lifetime 1 is an admixture of the p-Ps self-decay component ͑125 ps͒ and the lifetime of positrons annihilating in the bulk polymer sample. A scheme of analysis used by Uedono et al. 15 assumes the intensity of the p-Ps lifetime component to be I 3 /3 as the ratio of the formation probability of o-Ps to that of p-Ps is 3:1. From the lifetime ͑125 ps͒ and intensity (I 3 /3) of the p-Ps component and from the measured values of 1 and I 1 , the lifetime of positrons annihilating in the bulk polymer can be estimated as 142 ps. On the other hand, the measured value of 3 can be used to estimate the size of the free-volume defects using the semiempirical relation 16, 17, 18 
where 3 is in ns and the free-volume radius R is in Å. Also R 0 ϭRϩ⌬R where ⌬R is the fitted empirical electron layer thickness (ϭ1.66 Å). Also calculated was the free-volume fraction f , which is expressed as f ϭAV f I 3 where V f is the size of the free volumes and A is a constant. The significance of these values are discussed later.
C. Positron annihilation in the polymer containing silver nanoparticles
The positron lifetime spectra of the polymer containing silver nanoparticles appear remarkably different from that of the pure polymer ͑Fig. 2͒. The resolved lifetimes and their intensities along with the values of the S parameter obtained from the Doppler broadened line shape are shown in Table  III . The values of 1 of these spectra were significantly larger than that in the case of the polymer sample. It was therefore obvious that, in addition to the p-Ps lifetime and the lifetime of positrons annihilating in the bulk of the polymer, a third component is being admixed in the resultant 1 the analysis. Our efforts to separate this component from 1 by fitting four components in the multiexponential decaying spectra did not yield satisfactory results and the spectra were best fitted for three components only. Hence, to get some insight into the physics of this aspect, we assumed that the lifetime and intensity of the positrons annihilating in the bulk of the polymer are necessarily the same in both the pure polymer and in the polymer-silver nanocomposite. Decomposing thus 1 of the latter into three components in terms of the known values of the p-Ps lifetime ͑125 ps͒, its intensity (I 3 /3), the bulk polymer contribution ͑142 ps; 23.9%͒, and the measured values of 1 and I 1 , we estimated the third admixed lifetime 1 Ј and its intensity I 1 Ј . The values of this component ranged between 177 and 278 ps. Figure 3 shows the systematic decrease of 1 Ј with increasing grain size. Such lifetimes, which are in close agreement with 1 Ј obtained in the present work, have also been reported earlier by Qin et al. in their studies on nanocrystalline silver grain interfaces. 7 The origin of this component is attributed to the diffuse vacancy clusters on the surfaces of the nanometersized silver grains in the polymer. Positrons captured within the silver grains can thermally diffuse out to the surfaces prior to annihilation as the grain size is smaller than the thermal diffusion wavelength (ϳ110 nm) of positrons in silver. 19 On the grain surfaces, they are trapped by the vacancy clusters, resulting in a lifetime characteristic of the nature of the grain interface and the interfacial defect structures. Tong et al. have also reported on the decrease of positron lifetime with increasing grain size and attributed it to the reduction in trap volume available on the interfaces of larger grains. 20 It appears rather interesting to note a striking difference between the value of the intermediate lifetime 2 in the pure polymer (ϭ370 ps) and in the polymer-silver nanocomposites (ϭ358-508 ps). To explore the origin of this lifetime, we turn to Eq. ͑1͒ where the measured lifetime of o-Ps atoms bears a correlation with the dimension of the free-volume cavity in which they are formed. Uedono et al. 15 pointed out that o-Ps formation might not be favored if the size of the free-volume cavity was less than 0.1 nm. Equation ͑1͒ would then imply a lifetime of at least 680 ps for an o-Ps atom decaying via pickoff. Since the values of 2 in both the polymer and the polymer-silver nanocomposites are less than this limit, this component can be attributed to positrons trapped in the open spaces of dimensions smaller than 0.1 nm. While this interpretation seems to be plausible for the pure polymer sample, it does not fully describe the larger values of 2 ͑500 ps͒ in the polymer-silver nanocomposites. It appears that another lifetime component has merged with the lifetime of positrons trapped in the open spaces described above. To understand the origin of this second component admixed in 2 , we note that the silver nanoparticles are actually grown as embedded in a polymer matrix. The open spaces between the grain surface and the innermost polymer layer surrounding it can act as the most stable state of the positrons reaching at this interface. 21 An analogy can be drawn between the situation described here and the case of an inert gas bubble formed in a metal matrix. 22 In such a case where positrons can be trapped by a bubble, the most stable state of the positron was found localized at the metal-gas interface. 23 Molecular dynamical simulations of the atomic structure of gas bubbles and the positron states at the interface provided the most realistic interpretation of the experimentally measured positron lifetimes in a number of metal-inert gas bubble systems. 23 We presume that an identical situation can be realized for positrons trapped at the grain-polymer interface and give a characteristically longer lifetime. This component together with the lifetime of positrons trapped in the open spaces of dimensions smaller than 0.1 mm in the polymer matrix can then explain the occurrence of 2 in the spectra of the polymer-silver nanocomposites. Since the distribution of the fractions of positrons annihilating in the open spaces and the grain-polymer interfaces is not clear, it has not been possible to estimate the lifetime of positrons trapped at the interfaces. However, once again the values of 2 show a systematic reduction with increasing grain size ͑Fig. 3͒, which vindicates the validity of the interpretation given above.
D. Effects of annealing
In order to further elucidate the kinetics of formation and growth of silver nanoparticles in the polymer medium, isothermal and isochronal annealing were performed on one of the samples. Here the sample with initial mean grain size of 16.4 nm had been chosen. Because of the possible irradiation effects by positrons, a fresh pair of specimens was used for each isochronal annealing and measurements. The isochronal annealing of the pure polymer was also performed as a reference. But this did not result in any noticeable changes in the shorter lifetimes 1 and 2 or in their intensities. The only change observed was a reduction of the third component 3 from 1.62 to 1.45 ns. From Eq. ͑1͒, this change can be assigned to a reduction of the free-volume radius from 0.25 to 0.23 nm. Since the polymer was annealed in a tightly enclosed stainless-steel mould, its expansion in volume due to temperature was prevented. The bulk polymer therefore has to expand by shrinking the free-volume cavities. The effects of annealing on the growth of grains and the evolution of the defects in the polymer-silver nanocomposites are reflected as changes in the positron lifetime parameters, as shown in Table IV . The temperature stages indicating the important annealing features are in general consistent in both lifetime and S parameter measurements. A careful study of the lifetimes and the S parameter of Table IV will indicate the following annealing stages.
From the as-prepared state to the state after the annealing at 373 K, all the positron lifetime components increase. The intensities I 2 and I 3 decrease as I 1 shows a small rise in its magnitude. The S parameter clearly depicts a substantial increase due to the annealing at 373 K.
All these trends are just reversed during the annealing at subsequent temperatures where a gradual change in the annihilation parameters is observed.
The explanation given for the changes in 3 ͑and I 3 ͒ in the case of the polymer sample also holds good for the observed gradual decrease of 3 of the spectra of the polymersilver nanocomposite during the isochronal annealing. In fact, the free-volume fraction, estimated as described in Sec. III B, exhibits a gradual reduction with annealing temperature, as shown in Fig. 4 . The variation of the other two lifetime parameters 1 and 2 , and their intensities I 1 and I 2 , describes the effects of annealing on the nanoparticles. The mean particle sizes, as estimated from the x-ray-diffraction data of the annealed samples, are given in Table V and is supported by a general trend of increasing particle sizes, as shown in Tables IV and V. The absence of a welldefined nature for the relation between 1 Ј ͑estimated as described earlier in Sec. III B͒ or 2 with mean grain size here ͑unlike in Fig. 3͒ may be due to the extremely narrow range of size distribution of the particles in the whole lot of the heat-treated samples. The intensities I 1 and I 2 are more or less the same in all the heat-treated samples implying that the isochronal annealing did not necessarily change the interfacial diffuse vacancy cluster concentration or the trap volume at the grain-polymer interface.
On the other hand, the isothermal annealing at 473 K resulted in significant changes as shown in Fig. 5 . The mean grain size ͑16.6 nm͒ did not change even after 4 h of annealing. Hence the observed variations in the positron lifetime parameters should be understood in terms of the annealing of defects or the interdiffusion of the softened polymer and the dangling surface atoms of the nanocrystalline grains.
E. Low-temperature measurements:
A metal-to-semiconductorlike transition?
In one of the silver-polymer nanocomposite sample prepared ͑not included in the experiments discussed in the previous sections͒, silver nanoparticles of extremely low size could be detected from transmission electron microscopy ͑TEM͒. The histogram of silver nanoparticle size distribution in this sample obtained from the TEM picture is shown in Fig. 6͑a͒ . It shows a significant number of nanoparticles even of diameters below 5 nm. Such a composite is ideal for seeking to identify the splitting of the one-electron energy levels leading to the semiconductorlike transition predicted by the Wood-Aschroft theory. 9 We conducted Doppler broadening measurements on this sample and the results are discussed.
A 22 Na positron source of approximate strength 10 Ci was sandwiched inbetween two such pellets and then mounted onto the sample holder attached to the cold head of a Leybold refrigerator cryostat. During the experiments, the temperature of the cold head was set and held stable ͑within 0.3 K͒ by a temperature controller, LTC 60. The actual temperature of the sample at each of the selected temperatures was accurately measured by mounting another DT450 temperature sensor very close to the sample. Initially both positron lifetime and Doppler broadening measurements were carried out at room temperature. In the subsequent lowtemperature experiments, Doppler broadening of the positron annihilation ␥-ray spectrum at each temperature was recorded. To avoid any effects of hysteresis, 24 the sample was first cooled slowly to the lowest temperature, allowed to stabilize there for several hours and the measurements were then carried out after raising the temperature to the desired value. Two series of such measurements were performed ͑to check the reproducibility of the results͒ and the entire experiment was then repeated on a reference polyacrylamide polymer sample.
The S parameter vs temperature data for the silverpolymer nanocomposite is shown in Fig. 7͑b͒ . While the overall behavior of a decreasing trend in the S parameter curve with decreasing temperature is in accordance with the effects of bulk contraction of the solid, certain additional features are observed around 80 K. There is a sudden sharp further decrease in S followed by a rise and then the curve extends to lower temperatures as if it were the extrapolation of the original decreasing trend. This anomalous fall and rise can probably be an indication of the occurrence of a change in the material characteristics leading to a phase transition, but shadowed by other possible effects of the polymer medium. The data on the pure reference polymer are shown in Fig. 7͑a͒ . Here the effects of contraction are unambiguous, even though the hump appearing in the region 50-150 K is not properly understood. Nevertheless, a vivid indication of certain special features pertaining to the silver nanoparticles can be emphasized from a comparison of Figs. 7͑a͒ and 7͑b͒, especially at temperatures below 100 K.
In order to get additional insight into the minute aspects of these changes, the data on the silver-polymer nanocomposite were analyzed further using a mixture rule 25 to decompose the measured S parameter (S c ) into the respective contributions from the nanocrystalline metal particles (S m ) and from the polymer medium (S p ). Here we have assumed that the two phases present contribute independently to the Doppler broadening. For this, the volume fraction v of the silver nanoparticles in the nanocomposite was estimated from the measured densities of the nanocomposite and the pure polymer. Using the relation
the values of S m at various temperatures were calculated. The results of the above analysis are shown in Fig. 8͑a͒ . Looking from the direction of decreasing temperature, a twostep rise in the estimated fractional contribution S m is observed. The first rise seems to begin at 210 K and then levels off in between 150 to 80 K. A further sharp rise starting from 80 K and flattening off at 60 K is significant in the context of a possible transition at this stage, as can be predicted from the work of Wood and Ashcroft. 9 According to these authors, the average one-electron energy-level separation for a metal nanoparticle can be written as
where E f is the Fermi energy for metal concerned and N is the number of atoms in the particle. Assuming that the nanocrystalline silver particles have got the same fcc structure as that of bulk metallic silver, where the unit-cell volume of a 3 on the average consists of 4 atoms, a nanoparticle of radius r will consist of Nϭ16r 3 /3a 3 atoms. Substituting this number in Eq. ͑3͒ and using E f ϭ5.5 eV ͑equivalent to 64 000 K͒ for silver, the sizes of particles contributing to the rise at 210 and 80 K are, respectively, found to be 2.1 and 3.0 nm. The histogram of silver nanoparticle-size distribution in the nanocomposite ͓Fig. 6͑a͔͒ seems to support this interpretation, as a significant number of nanoparticles of the sizes mentioned above are observed in the sample. It may be noted that majority of the particles ͑of sizes larger than 5.4 nm͒ do not exhibit this transition up to the lowest temperature of 13 K that could be attained in the cryogenerator. Also, while the presence of nanoparticles of diameter 3.0 nm is beyond ambiguity ͓Fig. 6͑a͔͒, that of an extremely low diameter of 2.1 nm is not visibly evident from the TEM data. The increase in the value of the S parameter is ascribed to a metal-to-semiconductorlike transition. The S parameter by definition is a measure of the relative number of lowmomentum electrons annihilated by positrons. 26 Due to an increased energy-level spacing as in a semiconductor, the overlap of the wave function of the relatively highmomentum core electrons with that of the thermally diffusing positron will become less significant. As a result, the positron annihilation ␥-ray spectra will be dominated by events from the low-momentum valence or conduction electrons, causing the sharpening of the spectral line shape around the peak or, in other words, an increase in the value of the S parameter. The interpretation of a transition at 80 K is also supported by earlier observations, 24 which had observed an anomalous change of electrical resistance at 80 K in the case of silver nanoparticles of sizes approximately 2.9 nm grown in an ion-exchanged glass ceramic and attributed the same to a transition from a metallic to a semiconductorlike behaviour.
Surprisingly, on a repetition of the whole experiment on the same samples, the transition earlier observed at 80 K was found shifted to 45 K ͓Fig. 8͑b͔͒. Going by the WoodAshcroft theory of divergence of the energy-level spacing in very small particles, 9 the shift in the temperature of transition seems to indicate an agglomeration of the silver nanoparticles. Figure 6͑b͒ gives the histogram of silver particles in the nanocomposite after the low-temperature positron annihilation experiment. The average particle diameter is seen to have increased to 14.3 nm. The first characteristic steep rise of S m at 210 K however did not get shifted. This leads to the conclusion that the anomaly at this temperature may not be related to a transition of the type discussed as above. That the silver nanoparticles can agglomerate, resulting in a lowering of the transition temperature, as expected from Eq. ͑3͒, can be explained based on the effects of positron irradiation of the bulk polymer, as explained in further discussions. Table VI presents the results of positron lifetime measurements on the silver-polymer nanocomposite and the pure reference polymer, both before and after the low-temperature experiments. As illustrated in the table, each positron lifetime spectrum has been resolved into three lifetime components 1 , 2 , and 3 , with relative intensities I 1 , I 2 , and I 3 . Using the scheme of analysis outlined in Ref. 15 , we have estimated the positron lifetime in the bulk polymer to be 171 ps before the experiments and 207 ps after the experiments. Again, the increase in the lifetime after the experiments is interpreted in terms of positron irradiation effects, to be discussed afterwards. The longer two positron lifetime components have the same meaning as in Sec. III B but are not relevant in the present discussion.
Similar changes appear to have taken place in the silverpolymer nanocomposite also ͑Table VI͒. Here 1 further incorporates the lifetime of positrons annihilating at the diffuse vacancy clusters on the nanocrystalline silver grain interfaces. As already pointed out, the annihilation of positrons captured by the nanoparticles occurs only at the grain surfaces, as the thermalized positrons diffuse out on to the surfaces of the grains that are smaller in size compared to the mean diffusion length of positrons. Using the extended scheme of analysis presented in Ref. 15 , we have been able to calculate the positron lifetime at the interfacial defects as 238 ps before the low-temperature experiments and 203 ps after the experiments. Following the established observations, the reduction of positron lifetime at the grain interfaces is directly correlated with an increase in the grain size. 20 This has been attributed to the net reduction in the interfacial defect volume due to the shrinkage of the defects when the grain surface expands. Thus the change of positron lifetime from 238 to 203 ps is clearly indicative of the formation of larger grains due to the agglomeration of smaller nanoparticles. This is consistent with the shift of the transition temperature from 80 to 45 K in the second series of measurements, as discussed earlier. Having thus accounted for the observed shift in the transition temperature, it remains rather puzzling as to why a similar shift did not occur for the transition at 210 K. Perhaps the rise in S m at this temperature is not related to the kind of metal-to-semiconductorlike transition under discussion and the source of this anomaly may altogether be of a different nature. That the particle size of 2.1 nm corresponding to this temperature in accordance with Eq. ͑3͒ is rather very small, not very much in consistence with the TEM histogram in Fig. 6 .͑b͒, further strengthens this apprehension.
It is now worth trying to understand the mechanism leading to the agglomeration of the nanoparticles during the experiments. Over a period of about 330 h during which the total measurements on each sample were carried out, the sample had been continuously bombarded by positrons ͑of end-point energy ϳ540 keV͒ and ␥ rays ͑both 1.28 and 0.511 MeV͒ from the 22 Na source. Considering that the source had a strength of approximately 10 Ci, giving 3.7 ϫ10 5 disintegrations per second, and that the source was deposited over an active area of diameter 2 mm, the energy deposited in the sample during the first series of measurements (ϳ165 h) was about 8.75 Mrad.
11 ͑It may be mentioned here for clarification that, for the experiments discussed in the previous sections, a weaker source of strength ϳ1 Ci had been used and a given set of samples was sandwiched with the source for not more than 16 h. The positron and ␥ irradiation effects were therefore not considered to be relevant.͒ This could in fact lead to the breaking of the polymer chains whereby additional free space would become available for the trapping of positrons. That the positron lifetime in the bulk polymer increased from 171 to 207 ps during the completion of the experiments bears proof to this argument. The additional free space made available by the radiation-induced damage on the polymer chains also pro- vides a favorable environment for the nanoparticles to migrate and agglomerate, leading to an effective increase in their sizes. As the size of the nanoparticles increases, the atomic arrangement on the surface becomes less fragile, leading to a partial reduction of the sizes of the vacancy clusters on the surface. The positrons trapped in these vacancy clusters of reduced size will then exhibit a shorter lifetime, as observed in the final measurements.
IV. SUMMARY AND CONCLUSIONS
We have presented here the results of positron lifetime and Doppler broadening measurements on samples of polyacrylamide polymer in which silver nanoparticles were chemically grown and characterized. ͑i͒ We observed that, as in the case of positron annihilation experiments on nanoparticles grown by the conventional methods, positrons can get trapped into the diffuse vacancy clusters on the grain surface and the nature and size of these clusters can be quantitatively understood from the measured positron lifetime. The present measurements indicated vacancy clusters of sizes corresponding to 3-4 monovacancies on the grain surfaces. ͑ii͒ It is further pointed out that the open spaces between the grain surface and the surrounding innermost polymer layer can also trap positrons, providing them with a characteristically long lifetime. Molecular-dynamic simulation studies can throw more light on this concept, which is at least qualitatively identical to a solid bubble in a polymer matrix. ͑iii͒
The o-Ps lifetime 3 essentially reflected the properties of the free-volume defects in the polymer. During the isochronal annealing, the polymer expanded by shrinking these defects and the resultant decrease of the o-Ps lifetime is clearly reflected. ͑iv͒ The lifetime of positrons trapped at the grain surface defects and the grain-polymer interface decreased with increasing grain size, in agreement with the results reported by others in the literature. ͑v͒ The isothermal annealing at 473K resulted in the interdiffusion of the surface atoms on the nanoparticles and the polymer atoms. ͑vi͒ It is shown that the metal-to-semiconductorlike phase transition, predicted in the case of nanosized metal particles and also seen recently in the electrical resistivity measurements, can be investigated using positrons as alternative experimental probes. In the present investigation on metal-polymer nanocomposites containing nanosized silver particles, this transition has been indicated as a rise in the decomposed S parameter at around 80 K. The transition temperature is observed to be rather sensitive to the average particle size, as expected from established theoretical predictions.
